ABSTRACT
INTRODUCTION
In recent years, wind generation has expanded greatly, driven by decreasing costs for this form of generation and increasing demand for non-polluting renewable energy. Whereas once this form of generation was of limited importance and impact, the significant penetrations of wind generation in many places today have focused increased attention on its grid impacts.
An inherent characteristic of wind generation is that the real power output is a function of the wind speed, and is thus prone to variations. The variations of the wind turbine generator (WTG) real and reactive power interact with the system and, depending on the strength of the network, cause voltage variations leading to objectionable lamp flicker.
There are three significant sources of flicker in wind generation applications: 1) random power variations due to changes in the wind speed, particularly gusts, 2) cyclic pulsations of power due to the wind speed versus elevation gradient and the wind shadow effect of the tower, and 3) steps of real and reactive power when the WTG is cut in and out, or reactive compensation (capacitor banks) are switched.
The flicker impact of wind generation has been recognized in the grid codes applied to wind generation. A standard [1] has been developed to specify performance of WTGs with respect to flicker. Flicker constraints can limit the amount of wind generation that can be interconnected at a particular point in the grid [2] , require grid upgrades, or require application of expensive mitigation equipment such as static var compensators.
Wind Integration with Distribution Systems
Wind generation is presently integrated into power grids in one of two different ways: as wind farms, consisting of many individual wind turbine generators (WTGs) connected to a dedicated collection system and interconnected to the high voltage (HV) transmission grid through a dedicated substation, or as individual WTGs interconnected to the local medium voltage (MV) distribution grid.
Wind farm interconnections to the transmission grid usually have a relatively stiff short-circuit strength, relative to the combined WTG power ratings, and are isolated from end-use customers by several levels of voltage transformation. Also, due to the geospatial diversity of the many individual WTGs in a wind farm, the coincident power output is less variable than that of any individual turbine [3] .
Distribution interconnections, however, are challenged to a greater degree by flicker considerations than are wind farm interconnections to transmission systems. Distribution interconnections inherently result in closer coupling between the WTGs and customers that are sensitive to flicker. Due to reduced diversity, there is greater relative output variability. Small distribution-connected wind projects do not have the benefits of scale to justify extensive control systems dependent on remotely telemetered information. Often, the MV distribution system presents a weaker grid impedance relative to the aggregate WTG power rating. Finally, the ratio of reactance to resistance (X/R ratio) of MV systems is typically much less than for an HV transmission system. Unlike a high X/R HV transmission system, for which voltage magnitude is primarily affected by reactive currents, the voltage magnitude of low X/R MV systems are particularly sensitive to changes in the real component of current.
WIND GENERATION TECHNOLOGIES
There are several different wind generation technologies in common use; each having significantly different attributes with respect to production and mitigation of flicker. Because flicker issues are of particular importance to distributioninterconnected wind generation, the choice of generation technology is critical to the conceptual planning of a projectit is not a design detail to be left until the design or procurement phase. Wind generation technologies minimizing flicker impact allow more wind generation to be interconnected, reduce requirements for grid upgrades or mitigation equipment installation, reduce customer complaints 
Induction Generators
An induction generator consumes reactive power according to a fixed relationship to the generated real power. Figure 1 provides a typical reactive versus real power characteristic for an induction generator used in a wind power application.
Typically, an induction generator will have a capacitor bank that compensates for the no-load reactive power demand of the WTG. In some cases, additional capacitors are also provided which are switched in steps to provide a semicontinuous compensation of the WTGs reactive demand to yield net performance in a narrow band near unity power factor.
The switched capacitors associated with an induction WTG can be used to control the grid voltage changes caused by changes in WTG real power output. However, this voltage or power factor control is non-ideal. The compensation is switched in discrete steps, and the capacitors may need to be discharged between successive energizations. Cycle duty on the capacitor switches can be very high. Thiringer, et al, [2] reports that switched capacitors with induction WTGs are unsuitable for dynamic compensation of flicker and Smith, et al, [3] describes how flicker can actually be increased by switched capacitor banks. Fixed-speed induction WTGs are particularly vulnerable to the cyclic power variations caused by the tower shadow and wind gradient effects. Gerdes [4] reports that these effects can cause up to 20% modulation of the power output, at a frequency equal to the number of turbine blades times the turbine rotational speed. This effect can be the dominant cause of flicker from single-speed (induction generator) WTGs [5] .
Some induction generator WTG applications use SVCs or STATCOMs to mitigate flicker. In distribution wind applications, this approach can be cost-prohibitive.
Doubly-Fed Asynchronous Generators
WTGs employing doubly-fed asynchronous generators, in addition to providing a widely variable speed, have the inherent capability of providing a smoothly and rapidly controllable reactive power output or absorption over a substantial range. This provides the capability to tightly regulate voltage or power factor without the need for additional reactive compensation equipment.
A doubly-fed asynchronous generator (DFAG) uses ac excitation to allow variable speed. An ac-dc-ac electronic power converter is used to apply a three-phase ac current to the rotor windings, as illustrated in Figure 2 . The frequency of this excitation is such that it creates an apparent rotation of the rotor's magnetic field such that the summation of the rotor's mechanical rotation and the rotor electrical phase rotation is equal to the synchronous speed. If it is desired for the rotor mechanical speed to be less than the synchronous speed, the phase rotation of the applied excitation is positive sequence. For faster than synchronous rotation of the rotor, a negative sequence excitation is applied such that the mechanical speed minus the rotation speed of the rotor field, with respect to the rotor, is equal to the synchronous speed. This type of generator is often called a "doubly-fed induction generator". However, in the opinions of the authors, this is a poor description. Unlike an induction machine, in which rotor currents are induced by the stator, a DFAG is separately excited similar to a synchronous generator, with the exception that the excitation is ac instead of dc. Physically, the electrical machine, exclusive of the power converter replacing the rotor resistor, is the same as a wound-rotor induction machine. Conceptually, the machine could even be considered to be a "variable speed synchronous machine". If a rotor excitation of constant frequency were applied, the C
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Session No 4 machine would "lock in" to the system like a synchronous generator, only rotating at a fixed speed which can differ from synchronous. With a zero-frequency, or dc, excitation, the machine would actually be a synchronous generator. Operationally, a DFAG responds most similarly to a power converter. The power converter providing excitation to the rotor is typically a voltage-source inverter having high bandwidth controllability of output current phase angle, frequency and magnitude. Because the rotor steel is of laminated construction, this machine's time constants are much shorter than a synchronous generator's. Thus, using feedback control of the measured stator output, the excitation of the DFAG can be controlled to provide fast and independent real and reactive power outputs of the DFAG system.
Independent control of the real and reactive power output allows a DFAG machine to mitigate flicker in two different ways. Firstly, the impact of mechanical power input variations, due to the tower shadow, wind gradient, and wind gusts on power output is moderated by the ability to control real power output. When a wind gust occurs, the power output does not rise abruptly as would occur on a fixed-speed WTG. Some of the input wind energy is stored in the rotational inertia of the wind turbine. While mechanical power input and electrical power output must balance over the longer term, the ability to allow the WTG speed to vary provides a "cushion" for gust response, and gives time for the WTG blade pitch control to respond to reduce mechanical power input where appropriate. The cyclic power variations due to the tower shadow and gradient effects are greatly eliminated, as well [6] by the partial decoupling of the input mechanical and output electrical power of the DFAG WTG.
Secondly, flicker can be greatly mitigated by the highbandwidth controllability of the WTG's reactive power output. This can be used to control the voltage at the WTG terminals, the MV side of the WTGs step-up transformer, or to maintain a desired power factor. The speed of response is comparable to that of an SVC or STATCOM.
STEADY-STATE VOLTAGE ANALYSIS
Steady-state voltage analysis is useful for defining how reactive power should vary with the inherent variations in real power, such that flicker is mitigated. While dynamic behaviors such as the mitigation of real power variations and the response time of reactive power are not considered in steady-state analysis, the impact of changes in WTG real power output on voltages at various locations of the distribution system can be clearly determined.
As a first approximation, the voltage change caused by a change in real and reactive power is: 
The above relationship is imperfect as it ignores phase shifts in the network. Also, the voltage invariance depends upon a uniform X/R ratio in the distribution system. This is not the practical case: the substation source will have a much higher X/R than the feeders, and often a distribution feeder will be stepped to smaller conductor sizes with increasing distance from the substation. A smaller conductor size has a lower X/R ratio than does a larger conductor. Despite these limitations, Equation 2 indicates that constant power factor regulation is, in concept, a useful means to minimize the flicker impact of WTG power output variations.
The impact of power factor from a varying WTG source on practical rural distribution systems was evaluated using the circuit model described in Figure 3 . This system has a relatively weak substation source and a 10 km feeder. Constant-current loads are evenly distributed over the feeder's length. The last 5 km has a smaller conductor size than the first 5 km, yielding a non-homogenous X/R ratio in the system. The short-circuit ratio for the 3 MW WTG installation is 10.5, measured at the point of common coupling (PCC). Full load voltage variations are compared for different power factors in Figure 4 as a function of location along the feeders. The voltage variation profile is minimized with a WTG output power factor of 0.92. Note that a unity power factor, which is often used as a WTG reactive compensation design objective, leads to particularly large voltage variation with real power change.
With a driving-point X/R at the PCC (MV side of WTG stepup transformers) of 1.81, the power factor provided by 
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PREFERRED DFAG REGULATION MODE
As stated previously, the DFAG can regulate power factor or voltage. Neither mode can provide flicker-free performance over the entire distribution system. The power factor mode is effectively open loop, from a control standpoint, and can be tuned to respond to WTG power output changes more quickly than a closed-loop voltage regulator, which has greater control stability limitations. Also, the power factor control does not respond to external changes, such as load changes, capacitor switching, feeder step-voltage regulator changes, etc. Thus, undesired interactions with other utility controls are minimized. In North America, IEEE Standard 1547 [7] is becoming widely adopted as a grid code for distribution interconnection of generation. This standard prohibits regulation of voltage by a non-utility generator. Thus, although voltage regulation may be preferable in certain applications, power factor regulation provides an effective and simple means to minimize WTG-caused flicker.
DYNAMIC PERFORMANCE
Dynamic simulations were performed to compare the induction WTG with a DFAG. The wind-velocity time series used for the simulations are shown in Figure 6 . The induction WTG was represented as a pitch-regulated machine. These simulations, however, do not show the cyclic voltage variations caused by wind gradients or the tower shadow effects. Thus, the induction WTG flicker in reality may be substantially more severe than shown in these simulations.
The control loops to regulate the DFAG power factor were modelled in detail, with a setpoint power factor of 0.92. Figure 7 shows the reactive versus real power performance of the DFAG. Performance is very close to the desired power factor setpoint. Flicker is substantially less severe with the DFAG WTG than with the induction WTG. Using the flicker-meter algorithm specified in IEC 61 400-21 [8] , the short-term flicker values (P st ) were determined as shown in Figure 9 . The flicker produced by the DFAG WTG is nearly an order of magnitude less than produced by the induction WTG. Note that the induction WTG evaluation does not include the flicker due to the cyclic tower shadow and wind gradient effects, which would tend to make the induction WTG flicker even greater. 
CONCLUSIONS
For distribution interconnection of wind generation, constant power factor operation can substantially reduce flicker due to WTG power variations. The optimum power factor setpoint must be determined from analysis of the distribution system. Doubly-fed asynchronous generation (DFAG) technology provides a means to closely regulate WTG output power factor. In addition, this technology also allows use of the turbine inertia to smooth real power variations due to the tower shadow effect, wind gradients, and wind gusting. This smoothing effect greatly contributes to the favorable flicker performance of DFAG wind turbines, compared to fixedspeed designs.
